The organic thin-film transistor (OTFT) is now a mature device that has developed tremendously during the last twenty years. The aim of this paper is to update previous reviews on that matter that have been published in the past. The operating mode of OTFTs is analyzed in view of recent model development. This mainly concerns the distribution of charges in the conducting channel and problems connected with contact resistance. We also delineate what differentiates n-and p-type semiconductors, and show how this concept differs from what it covers in conventional semiconductors. In the chapter devoted to fabrication techniques, emphasis is placed on solution-based techniques and particularly printing processes. Similarly, soluble materials are given a prominent place in the section dedicated to the performance of devices. Finally, special attention is given to devices at the nanoscale level, which demonstrate a new route toward molecular electronics.
I. INTRODUCTION
The concept of field-effect controlled current dates back to 1930. 1 The idea was to replace vacuum lamps by solid-state devices in amplifiers. More than thirty years elapsed before the first device that really matched that early concept was realized, namely, the silicon-based metaloxide-semiconductor field-effect transistor (MOSFET). 2 Nowadays MOSFETs are omnipresent in our environment. Millions of them are located in the processors that equip personal computers and other microelectronic devices.
Besides its technological interest, the field-effect transistor can also be viewed as a tool for studying charge transport in solid materials. In particular, it gives direct access to charge mobility. For this reason, the electric field-induced effect has been used in low-mobility materials such as hydrogenated amorphous silicon (a-Si:H). 3, 4 In this case, an alternative geometry was used, the thinfilm transistor (TFT), 5 which differs from the conventional MOSFET in that the conducting channel is constituted by an accumulation layer rather than an inversion layer. It was only later that the technological interest of a-Si:H TFTs emerged, when applications where large area is needed appeared. Today, a-Si:H TFTs are largely used in the active matrix of liquid crystal display (AM-LCD).
Organic semiconductors have been known since the late 1940s. 6 However, apart from a very small number of preliminary works on conjugated small molecules 7, 8 and polymers, 9 the first transistor based on an organic semiconductor was only reported in 1986, 10 with a device made on an electrochemically grown polythiophene film. Polythiophene belongs to the family of the conducting polymers that were discovered in the late 1970s. 11 The inventors of polyacetylene, an archetypal model of conducting polymers, were awarded the Nobel Prize in chemistry in 2000. The possibility of fabricating organic TFT (OTFT) with small conjugated molecules was shown in 1989 12 with sexithiophene, an oligomer of polythiophene made of six thiophene rings linked at alpha position (see Fig. 5 ). Interestingly enough, the organic TFT grew in parallel with another device, the organic light-emitting diode (OLED). As in the case of OTFTs, OLEDs can be made with small molecules 13 or polymers. 14 However, the development of OLEDs has been much faster than that of OTFTs, so that commercial products based on OLEDs are now available on the market, which is not yet the case for OTFTs.
In spite of considerable improvements during the last years, the performance of OTFTs remains far beyond that of their inorganic counterpart, except for a-Si:H. For this reason, applications are envisioned where low fabrication costs and large area are of primary importance. These include electronic bar codes and identification tags, and, to a lesser extent, active matrix elements for organic flat panel displays. With this in mind, more and more industrial groups have recently initiated research programs in the field of organic transistors.
Until recently, much of the research effort has been directed at improving the charge-carrier mobility. Several papers have reviewed this search for better materials and device architecture. [15] [16] [17] [18] [19] Comparatively less work has been devoted to investigating other crucial aspects, among which we can mention contact resistance. This review will concentrate on works that have been published in the past two or three years. Efforts will be made to account for leading advances in terms of materials and device fabrication. Development of models that help understanding the parameters that control the operating mode of organic transistors will be emphasized.
II. OPERATING MODE
A thin film transistor is composed of three basic elements: (i) a thin semiconductor film; (ii) an insulating layer; and (iii) three electrodes. Two of them, the source and the drain, are in contact with the semiconductor film at a short distance from one another. The third electrode, the gate, is separated from the semiconductor film by the insulating layer. Figure 1 illustrates a widely used configuration of these elements, but as will be shown in the following, there exist several alternative ways of arranging the elements of the device.
To demonstrate the operating mode of the thin-film transistor, typical current-voltage characteristics are shown in Fig. 2 .
These curves were measured on a device made of pentacene as the semiconductor and gold as source and drain electrodes. (The chemical structure of pentacene is given in Fig. 5 below. ) The Fermi level of gold and HOMO-LUMO levels of pentacene are shown in Fig. 3 . 20 When a positive voltage is applied to the gate, negative charges are induced at the source electrode. As can be seen in Fig. 3 , the Fermi level of gold is far away from the LUMO level, so that electron injection is very unlikely. Accordingly, no current passes through the pentacene layer, and the small measured current essentially comes from leaks through the insulating layer. When the gate voltage is reversed, holes can be injected from the source to the semiconductor, because the Fermi level of gold is close to the HOMO level of pentacene. Accordingly, a conducting channel forms at the insulatorsemiconductor interface, and charge can be driven from source to drain by applying a second voltage to the drain. For this reason, pentacene is said to be a p-type semiconductor. However, it should be pointed out that this concept differs from that of doping in conventional semiconductors, which can be made either n-type or p-type by introducing tiny amounts of an electron donating or electron withdrawing element. Symmetrically, an organic semiconductor will be said n-type when the source and drain electrodes can inject electrons in its LUMO level, provided electron transport does occur, i.e., electron mobility is not too low.
Basically, the thin-film transistor operates like a capacitor. When a voltage is applied between source and gate, a charge is induced at the insulator-semiconductor interface. This charge forms a conducting channel (Fig. 1) , the conductance of which is proportional to the gate voltage. At low drain voltages, the current increases linearly with drain voltage (Fig. 2) , following Ohm's law. When the drain voltage is compared to gate voltage, the voltage drop at drain contact falls to zero and the conducting channel is pinched off. This corresponds to the so-called saturation regime where the current becomes independent of the drain voltage.
In the transfer characteristic (righthand side of Fig. 2 ), the current is plotted as a function of the gate voltage at a constant drain bias. Below a given threshold, the current increases exponentially. This corresponds to the below-threshold regime. In the above threshold regime, the current becomes proportional to the gate bias, as expected from the above description of the operating mode of the transistor.
A. Thickness of the channel
Materials used in organic TFT can be sorted in conjugated polymers and small conjugated molecules. Conjugation originates from an alternation of single and double bonds, which confers rigidity to these molecules, so they can be viewed as rigid rods. In the solid state, conjugated molecules tend to pack with their long axis parallel to each other, thus forming layers, the widths of which equal the length of the molecule, corrected for a small tilt angle imposed by compact packing. This arrangement is illustrated in Fig. 4 . Typical values for the monolayer thickness range between 1.5 and 3 nm.
It is now well established that charge transport in conjugated organic solids is favored in the direction parallel to the layers. Evidence for this was first brought by x-ray diffraction measurements on sexithiophene-based transistors, 21, 22 which indicated that highest mobility was attained when all molecules where standing upright on the insulator surface. A similar behavior was found with pentacene. 23, 24 The arrangement illustrated in Fig. 4 corresponds to the optimal case. The chemical structure of sexithiophene and pentacene are given in Fig. 5 .
An important parameter in understanding the operating mode of a transistor is the thickness of the conducting channel. Calculating this thickness actually consists of where V is the electrical potential, x the axis normal to the insulator-semiconductor interface, the charge density, and ⑀ S the permittivity of the semiconductor.
Despite its apparent simplicity, Poisson's equation does not lead to analytical solutions in most of the cases. For this reason, numerical solutions are most often required. An example of a numerical resolution in the case of the accumulation layer of a metal-insulator-semiconductor structure can be found in Ref. 25 . In the following, we develop an approximate analytical solution found in several textbooks. 26 In most practical cases, the charge density can be described by Boltzmann's statistics, [Eq. (2) ], where q is the elemental charge, and n S the density of charges at the insulator-semiconductor interface (x ‫ס‬ 0).
Here, k is Boltzmann's constant, T the absolute temperature, and V S the potential at x ‫.0ס‬
A first integration of Eq. (1) yields Eq. (3), where F is the magnitude of the electric field.
Integrating Eq. (3) from 0 to x leads to Eq. (4).
The distribution of charge carrier [Eq. (5)] is obtained from Eqs. (2) and (4) . Here, L D is the Debye length. The total charge in the accumulation layer is obtained by integrating Eq. (5) from x ‫ס‬ 0 to x ‫ס‬ ϱ. Equating the result to C i (V G − V S ) ≈ C i V G , we finally arrive to Eq. (6) .
The charge distribution [Eq. (5)] was first derived by Mott and Gurney in 1940. 27 A possible definition of the thickness of the channel would be that of a layer of uniform charge density that would contain the same amount of charge than that obtained by integrating the charge distribution [Eq. (6) ]. The result is √2L D . Typical values for the Debye length ranges between 0.1 and 1 nm, which is noticeably lower than the thickness of a monolayer. For this reason, it is often stated that all the charge of the conducting channel resides in the first monolayer next to the insulator-semiconductor interface 28 ; in other words, the organic thin-film transistor is a two-dimensional device. However, Eq. (6) indicates that the actual distribution of charges is not a step function. Rather, it follows a reversed square law, which is a slowly decreasing function, so it can be expected that part of the charge may extend far from the insulatorsemiconductor interface. However, it has been recently demonstrated that this feature has little consequences in the case of disordered OTFTs. 25 In disordered organic semiconductors, the mobility strongly depends on chargecarrier density, so that the mobility decreases from the insulator-semiconductor interface into the bulk. Accordingly, the charges located close to the interface have the highest mobility, which reinforces their contribution to the conductivity of the conducting channel. Consequently, the conventional field-effect mobility gives a relatively good estimate for the actual mobility at the interface.
In the case of small molecules, one has to account for the lamellar structure of organic semiconductors. 29 The variation of the potential across the structure is depicted in Fig. 6 .
In brief, the semiconductor film is taken as a stack of dielectric layers of thickness d. Let i be the (surface) charge density in the ith layer. Applying Gauss's law at both sides of the ith layer yields Eq. (7).
Assuming again that Boltzmann's statistics hold, the thermodynamic equilibrium between two adjacent layers results in Eq. (8) .
Equation (8) can also be written as Eq. (9).
Finally, equating the absolute charge at both sides of the insulator results in Eq. (10).
Equations (9) and (10) do not lead to analytical solutions. However, a numerical estimation can readily be conducted through an iterative process. Results are given in Fig. 7 for the following values of the parameters: d ‫ס‬ 2 nm, C i ‫ס‬ 10 nF/cm 2 , T ‫ס‬ 300 K, ⑀ S ‫ס‬ 3⑀ 0 , where ⑀ 0 is the permittivity of vacuum, and for two gate voltages: 10 V [ Fig. 7(a) ] and 100 V [ Fig. 7(b) ].
The expected behavior, namely a concentration of all the charge in the first layer, is followed only at high gate bias. At low gate bias, the charge in the first layer strongly depends on the thickness of the film; it is of course 100% for a one-layer film, but falls to less than 30% for a film G. Horowitz: Organic thin film transistors: From theory to real devices made of ten layers, that is, 20 nm thick in the present case. A direct consequence of that variation of the charge distribution would be that mobility would decrease at high gate bias because the region closer to the insulatorsemiconductor interface may be influenced by surface defects. For similar reasons, it can be predicted that mobility increases when the thickness of the semiconductor film increases, a behavior that has indeed been observed in actual devices. 30, 31 
B. Contact resistance
Until recently, the problem of contact resistance in organic TFTs was hardly evoked. This is because the performance of the devices was so low that the current was mainly limited by the channel resistance. As the mobility of OTFT improves, limitations by contact resistance are getting more and more crucial, and finding ways to reduce them is at present a key issue.
C. Contact resistance extraction
Access to contact resistance was first sought through modeling. Figure 8 shows three equivalent circuits used to model the OTFT. One is composed only of the device. In the second one, series resistances have been added at source and drain. The third circuit also includes head to toe diodes to account for nonlinearities in the contact resistance. 32 Note that such representation is not purely empirical; as will be shown in the following, high contact resistances often originate from the formation of a potential barrier at the metal-semiconductor interface.
The model developed by Necliudov and coworkers 32 also includes charge trapping in the organic semiconductor. The effect is accounted for by a gate-voltage dependent mobility given by Eq. (11), where V T is the threshold voltage and K and ␥ empirical parameters. Physical meaning of these parameters will be detailed in the following.
The width normalized contact resistance extracted from this model is given in Table I . Also shown are data obtained on sexithiophene from a similar analysis of the current-voltage curves. 33 In the latter work, the contact resistance is extracted from transfer characteristics measured at low drain voltage. The contact resistance is accounted for by introducing a voltage drop R C I D , where R C is the contact resistance. That is, the drain voltage is replaced by V D − R C I D . The resulting equation is given by Eq. (12) . Here, g D dI D /dV D is the channel conductance. Integration of Eq. (13) along the channel yields Eq. (14) .
For an ohmic contact resistance (V C ‫ס‬ I D R C ), Eq. (14) reduces to Eq. (12), 33 where it is also assumed that dӶL. While the previous analyses assumed constant contact resistance and gate voltage dependent mobility, Street assumes constant mobility and finds a non-ohmic contact resistance that also depends slightly on gate voltage.
To go further in the analysis, a technique that would give independent access to the channel and contact resistances is needed. The first method uses an atomic force microscope tip to sense the potential along the channel of the transistor. 36, 37 A detailed analysis of the resulting data has been given recently by Bürgi and coworkers. 38 The main features can be summarized as follows: (i) as expected, the contact resistance strongly depends on the nature of the electrode, e.g., its work function; (ii) contact resistance is strongly gate bias dependent; and (iii) mobility is also gate bias dependent.
More recently, several groups have made use of the transfer line method (TLM). [39] [40] [41] [42] The method is adapted from a classical technique to estimate contact resistance, and was first developed for the amorphous silicon thinfilm transistors. 43 It consists of measuring the channel length dependent resistance of the device. For small drain voltages, it can be assumed that the total resistance is the sum of the channel resistance R D and the contact resistance R C . In the linear region, the channel resistance is given by Eq. (15) .
The contact resistance is extracted by plotting the width-normalized resistance (R × W) as a function of L. The slope of the line only contains intrinsic device parameters independent of the channel length, while its extrapolation to zero channel length gives the total (source plus drain) contact resistance. The method is exemplified in Fig. 9 (taken from Ref. 40) .
The gate voltage dependent contact resistance extracted from data in Fig. 9 is shown in Fig. 10 .
The problem with the TLM is that it requires measurements on several devices, and it cannot be taken for granted that the contact and channel resistances do not vary from one device to another. Therefore, when plotting the total resistance as a function of channel length, scattering appears and data are not strictly aligned, as can be seen in Fig. 9 . An alternative method would avoid this problem, namely, four-point measurements. The method would consist of introducing in the conducting channel two additional electrodes. Because the current through the channel is imposed by the source-drain voltage, measuring the voltage drop between these two additional electrodes would not be affected by contact resistance. The true channel resistance would therefore be simply given by the ratio of this voltage drop to the drain G. Horowitz: Organic thin film transistors: From theory to real devices current. Importantly, the gate voltage dependent contact resistance and mobility can now be accessed on the same device. To date, this method has been used on single crystals 44, 45 and polymer fibers.
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D. Origin of contact resistance
The most commonly used image to describe contact resistance is that of a metal-semiconductor junction. Good contacts are expected to occur when the work function of the electrode is close to the HOMO or LUMO level, depending on that the semiconductor is p-or ntype. In the reverse situation, a potential barrier forms at the interface, leading to poor charge injection. From this standpoint, the Au/pentacene interface would be a good candidate, as shown in Fig. 3 . In practice, the actual contact resistance is rather high. Explanation for that can be found in the field of organic light-emitting diodes. Charge injection is a crucial issue in OLEDs too, and its mechanism has been studied in detail. Figure 11 shows the energy levels at the Au/pentacene interface as determine by photoemission spectroscopy measurements. 47 What these measurements clearly show is that the simple Schottky-Mott model, where the barrier height is given by the difference between the metal work function and the pentacene HOMO level, is not followed here. Instead, the interface exhibits an additional dipole barrier ⌬ that tends to lower the metal work function, and hence to increase the interface barrier height.
The large interface dipole was explained by the change of the surface dipole of the metal upon adsorption of the molecule. A metal surface is characterized by an electron density tailing from the free surface into vacuum. Adsorbed molecules tend to push back these electrons, thus reducing the surface dipole and decreasing the work function of the metal.
One of the advantages of the above described scanning-probe technique [36] [37] [38] is that it allows a separate determination of the contact resistance at source and drain electrodes. If contacts behaved as Schottky barriers, one would expect the voltage drop at source electrode be substantially higher than that at drain. 48 This is what is indeed observed with "bad" contacts. 38 However, "good" contacts show drops of comparable magnitude at both electrodes. To examine a possible origin of this behavior, a model has been recently developed where the regions immediately adjacent to the contacts are not composed of organic material of the same quality as the rest of the conducting channel. 48 These regions are assumed to have negligible mobility and a special extension comparable to the contact thickness. The observed behavior, equal voltage drop at both electrodes, is found in the case of zero barrier height.
The above discussion pertains to the so-called "bottom contact" architecture, where the organic semiconductor film is deposited over previously formed contacts. As will be illustrated in the following, it is usually observed that top contacts (where the contact is deposited on the organic film) results in reducing the contact resistance. The asymmetry of the organic-metal contact, depending on whether the organic film is deposited on the metal or the metal on the organic film, has been studied on both the theoretical 49 and experimental 50 point of view. Combined XPS and UPS studies 50 have demonstrated that the metal film formation of gold atop a pentacene layer show signs of metal penetration coupled with formation of metal clusters, leading to a substantial reduction of the dipole barrier from 1.0 to 0.3 eV. However, we note that the top contact architecture presents a major drawback: patterning the device through conventional microlithography is no longer achievable. Top contacts are usually deposited through shadow masks, which does not allow for making channel length shorter than a few tens of micrometers.
E. Gate-voltage dependent mobility
There are two basic ways of estimating the mobility in a field-effect transistor, from the linear or the saturation regime. In both cases, the mobility is calculated from the slope of a straight line. Evidence for a gate voltage dependent mobility in organic transistors was found from the fact that the actual curves deviate from pure straight lines. By continuously calculating the mobility along the line, it was found that mobility tends to increase when gate bias increases. 51 However, taking into account the contact resistance leads in a substantially less gate voltage dependent mobility. Still, scanning pontentiometry 37 and TLM analysis 41 confirmed the gate voltage dependence. In disordered organic semiconductors, gate voltage dependence arises from charge density dependence, and is theoretically predicted by charge transport models based on hopping in an exponential distribution of traps (see below). 52 Clear evidence for charge density dependence has been given recently by Tanase and coworkers, from a systematic study of the hole mobility of two conjugated polymers, a derivative of poly-p-phenylenevinylene and poly(3-hexylthiophene), in diodes and transistors. It is found that the mobility in diodes is down to three orders of magnitudes lower than that in transistors, which can be compared to the fact that the charge density is much higher in the conducting channel of the transistor than in a diode. It is also speculated that the exponential density of state is a good approximation of the tail states of a more realistic Gaussian distribution.
The situation is different in well ordered small molecules. It must be recalled that high mobility has been found in bulk molecular single crystals, 54 where high charge density is very unlikely. Furthermore, vapor deposited thin films clearly present a polycrystalline structure. As most of the defects are likely to condense in grain boundaries, a uniform distribution of traps does not represent a realistic way to describe these films. A simple way to calculate the effective mobility in a polycrystalline medium is to divide the medium into high (the grains) and low (the grain boundaries) conductivity regions. The size of the grains is assumed much larger than that of the grain boundaries. Grains and grain boundaries are connected in series, and the effective mobility of the polycrystalline medium is given by Eq. (16), where is a mobility and L an average size. 55, 56 Subscripts G and GB refer to grains and grain boundaries, respectively.
Equation (16) can be rewritten as Eq. (17) .
A plot of / G as a function of grain size is shown in Fig. 12 with the following parameters: L GB ‫ס‬ 0.01 m and GB / G ‫ס‬ 0.01. Mobility tends to increase linearly with grain size at low grain sizes, and then saturates to its value in the grains.
Evidence that mobility does indeed increase with grain size has been reported on OTFTs made of octithiophene. 57 More recently, a comprehensive study of grain size dependent mobility in vapor deposited pentacene OTFTs has been carried out by Knipp and coworkers. 58 The behavior of the device largely depends on the nature of the surface on which the molecule is evaporated. Depositing pentacene on thermally grown SiO 2 may lead to very large grains (up to several microns), but surprisingly the mobility does not seem to increase with grain size. When the oxide is treated with an octadecyltrichlorosilane (OTS) self-assembled monolayer, the size of the grain decreases while mobility increases. Interestingly, the mobility seems in this case to nicely scale up with grain size. Two explanations can be put forward to account for this behavior. First, x-ray diffraction data clearly show that the pentacene films are made of a mixture of two different crystal phases with respective layerby-layer spacing of 15.5 and 14.5 Å, the ratio of which largely depends on the deposition factors (substrate temperature and deposition rate). Following previous studies, 24 the two phases are termed "thin film" and "bulk" because the former mainly appears in thin-films, while the latter is the one encountered in bulk single crystals. 59, 60 On bare SiO 2 , the ratio of bulk to thin film phases increases with grain size; that is, large grains are made of a nearly one-to-one mixture of the two phases, which would explain why mobility does not rise with grain size. When the oxide is treated with OTS, a large majority of the grains adopts the bulk phase structure, leading to higher mobility.
The second explanation refers to the above-discussed distribution of charges in the conducting layer. As most of the charge is located in the first layer, the structural order here is more important than that in the rest of the film. For this reason, it is of primary importance to make measurements on very thin layers. AFM images of such films have shown that two-dimensional growth occurs on bare oxide substrates, while on OTS treated surfaces the pentacene molecules prefer to grow more vertically than horizontally.
61
III. CHARGE TRANSPORT
Compared to the tremendous progress that the field of organic thin-film transistors has known during the past two or three years, the theory of charge transport has hardly evolved. Basically, one can distinguish two families of charge transport models. One pertains to disordered materials, such as polymers. It is mainly based on hopping transport. An archetypal model of this family is the one by Vissenberg and Matters, 52 which combines
Relative mobility as a function of grain size in a polycrystalline semiconductor film.
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variable range hopping transport with an exponential distribution of traps. The model predicts a thermally activated mobility. It also predicts a mobility that varies with gate voltage according to a power law, a prediction that has proved very fruitful in the analysis of the currentvoltage curves of OTFTs. The second family concerns highly ordered molecular crystals. It must be recalled that molecular crystals have been studied for almost fifty years. Time-of-flight measurements have definitely established that mobility in highly pure defect free crystal increases when temperature decreases, following an inverse power law. 54 It was tempting to conclude that charge transport in these materials occurs via charges in delocalized states like in conventional semiconductors. However, this statement does not resist the analysis: Except at very low temperatures, mobility in molecular crystals is still moderate, and the corresponding mean free path does not exceed the intermolecular distance, 62 which is not physically acceptable for a diffusion-limited transport. Polaron models 62, 63 have been invoked to rationalize this discrepancy. However, in spite of recent efforts, [64] [65] [66] [67] the problem of the best way to describe the motion of charge carriers in molecular crystals has still not been fully resolved. 6, 62 This issue is all the more crucial that recent reports have been made on field-effect mobility in excess of 5 cm 2 /Vs in rubrene single crystals, 68 which completely excludes hopping mechanisms to be at work in this case. This point will be dealt with in more detail in the section devoted to single crystal devices.
We note that a parent model of that by Vissenberg and Matters 52 has been developed for semiconductors made of ordered small molecules. The model derives from the multiple trapping and release (MTR) model that was developed for hydrogenated amorphous silicon (a-Si:H). 69 It assumes charge transport to occur in a delocalized band, but be limited by a distribution of traps near the band. 70 Note that the model does not make any assumption on the transport mechanism in the band (delocalized or through polarons). The main results are very similar to those of the hopping model, that is, the mobility is thermally activated, and follows a power law dependence with gate voltage. The main interest of the model is thus to explain the behavior found in most early devices made of polycrystalline films of small conjugated molecules. However, it does not account for the temperature independent mobility that has been reported in some occasions on pentacene 71 and oligothiophenes 33, 72 thin-film transistors.
IV. FABRICATION TECHNIQUES
Organic materials present so many differences with the conventional semiconductors in terms of melting point, solubility, and hardness that it does not seem conceivable to adopt the same fabrication techniques. Nevertheless, in the early days of OTFTs it appeared more convenient to use well-known techniques such as thermal oxidation or photolithography, and most of the devices were actually produced on oxidized silicon with source and drain contacts patterned with conventional lithography. The deposition of the organic semiconductor only occurred as the last step of the process. Of course, these techniques are not prone to take advantage of the potential interest of organic electronics, namely, low cost fabrication and the possibility of making flexible devices. For this, entirely new techniques are required. In the following, we focus on two aspects of these techniques. First, we review the various printing techniques that have been developed for the fabrication of OTFTs. Then, we show the crucial role played by the insulator and review insulating materials and deposition techniques used for these materials.
A. Printing techniques
Direct printing of the various elements that constitute the thin-film transistor is an elegant and promising route to low-cost fabrication of organic-based integrated circuits.
Earlier works on printed devices made use of screenprinting. The essential components were deposited from solutions through stainless steel mechanical masks. 73, 74 Although this technique offered devices with performance that compared well with that of those fabricated through vapor deposition, it was not interesting in terms of resolution and ability to realize highly integrated devices. Typical resolution for screen-printed devices fall in the range 35-100 m, which is several times larger than the critical dimensions needed for realistic applications. To circumvent this problem, a group at Bell Labs has developed a strategy using a high-resolution technique that offers a resolution down to 2 m. 75 Microcontact printing uses elastomeric stamps to print patterns of self-assembled monolayers (SAMs) that are then used either as resists to prevent removal of a pre-deposited material, or as initiators to promote material deposition. 76 The transistors described by the group were fabricated according to top gate geometry. The fabrication begins with the deposition of a gold layer on an adequately prepared substrate. Printing with a specially designed stamp produces a patterned SAM. Etching the gold not protected by the SAM results in defining the source and drain electrodes. The SAM is next removed with heat, ultraviolet light or an oxygen plasma to expose the bare gold. The semiconductor [regioregular poly(3-hexylthiophene) (P3HT)], insulator [polymethylmethacrylate (PMMA)] and gate electrode (carbon ink) are then sequentially cast from solution. Cylindrical stamps were also fabricated, that allowed reel-to-reel fabrication.
Inkjet printing is an alternative printing technique that has been used to fabricate organic light-emitting diodes 77, 78 and full-color displays. 79 The application of the technique to the fabrication of OTFTs was hampered by a resolution limited to 20-50 m because of the spreading of the droplets on the substrate. Recently, a group at Cambridge University (Cambridge, UK) succeeded in overcoming the problem by confining the spreading of the water-based ink with a pattern of repelling, hydrophobic regions that define the device dimensions. 80 The pattern was fabricated by photolithography and oxygen plasma etching of a polyimide film. Again, the device had top gate configuration. The source and drain electrodes are inkjet printed from a conducting polymer ink [polyethylenedioxy-thiopehene doped with polystyrene sulfonic acid (PEDOT/PSS)], on top of which the semiconductor [dioctylfluorene-bithiophene copolymer (F8T2)] and insulator [polyvinylphenol (PVP)] are spin-coated in sequence.
Stamping and inkjet techniques require liquid inks, which may be a problem when dealing with conjugated polymers and molecules that are often insoluble. To surmount this drawback, a dry process has been developed at DuPont, based on thermal imaging. The technique allows for the patterning of organic materials at high speed and with micron size resolution. 81 The process involves the transfer of a thin solid layer from a donor film onto a flexible receiver. The two flexible films are held together by vacuum. The heat is produced by a laser beam focused through the donor base at a thin metal layer. The conversion of light to heat decomposes surrounding materials into gaseous products, whose expansion propels the top layer from the donor film onto the receiver. However, not all conducting polymers can withstand the heat generated during the process. In particular, the possibility of transferring organic semiconductors has not been established to date. Good results were found with a polyaniline synthesized via emulsion polymerization and doped with dinonyl naphthalene sulfonic acid (DNNSA-PANI) that may constitute the source and drain electrodes. Transistors have been fabricated with a bottom gate configuration on Mylar substrate. The gate was an indium tin oxide (ITO) film, on which a spin-coated glass resin served as the insulator. Heat-transferred DNNSA-PANI source and drain electrodes and vapor deposited pentacene complete the structure. A TFT backplane containing 5000 transistors with 20 m channel could be realized on a 50 × 80 cm 2 flexible substrate.
B. Insulator
The insulator is a crucial part of the field-effect transistor. Its primary role is of course to isolate the gate contact from the rest of the structure. As most OTFTs are fabricated according to the "bottom gate" architecture where the semiconductor is deposited on top of the insulator, the surface of the latter is greatly responsible for the quality of the insulator-semiconductor interface, which in turn crucially controls the performance of the device. This point has been dealt with in previous sections.
An alternative strategy is to use the top gate configuration. In that case, the problem consists of depositing the insulator on top of the semiconductor. This can be done from a solution, in which case the insulating material must be chosen so that it dissolves in a solvent that may not induce degradation of the underlying film. In the case of inorganic insulators, problems may arise during the deposition of the film. In a recent report, it has been claimed that tantalum oxide Ta 2 O 5 could be safely deposited on P3HT by means of electron-beam evaporation 82 because this method is a relatively low-temperature process. Interestingly, the mobility was higher in the top gate (0.002 cm 2 /Vs) than in the bottom gate (0.0004 cm 2 /Vs) configuration, which could indicate that the insulatorsemiconductor interface is less disordered in the first case. However, the top gate structure suffered from high off current, which shows that when the insulator is deposited on top of the organic semiconductor, problems may arise due to oxygen doping.
Organic insulators are a good choice for the top gate configuration. The main problem in that case is their compatibility with the underneath organic semiconductor, especially in term of solubility of the solvent used during the process of thin film formation; examples have already been given above in the case of printing techniques. An elegant alternative is parylene, an insulating polymer that can be processed from the vapor phase. Examples will be dealt with in the subsequent section.
An interesting study on the role of the insulator on the performance of OTFTs has been published by Veres and coworkers. 83 According to the authors, the nature of the insulator may influence not only the morphology of the semiconductor, but also the distribution of localized states at the semiconductor-insulator interface. The analysis is based on the transport model developed by Bässler, 84 where charges hop in a Gaussian distribution of states (DOS). The suggested mechanism is that the DOS at the interface may be broadened by dipolar disorder, which in turn depends on the insulator dielectric constant k. For this reason, low-k insulators may lead to significantly improved device performance.
V. PERFORMANCE
Organic conjugated materials used in OTFTs can be sorted into polymers and small molecules. As stated in the introduction, both materials have been used since the beginning. Conjugated polymers present the advantage of being amenable to specific deposition techniques that have been developed for conventional polymers. Their main drawback is that their performance is still lower than that of small molecules. Encouraging performance has been reported with small molecules, which currently offers higher mobility than hydrogenated amorphous silicon. However, high performance requires high ordering, particularly in the vicinity of the insulator-semiconductor interface, a constraint that may be difficult to fulfill when specific deposition methods are used.
An almost comprehensive list of the p-and n-type materials used in OTFTs can be found in earlier reviews. 15, 19 In the following, we will focus on the more recent results.
A. Polymers
Two polymers share the majority of the papers dealing with polymer-based OTFTs: Polyfluorene 34,85 and poly(3-alkyl-thiophene) (P3AT). We will mainly deal with the latter, which offers the highest mobility.
After the pioneering work by Sirringhaus and coworkers, 86 it is now well established that the performance of polymer OTFTs crucially depends on the chemical and structural ordering of the polymer. High order first depends on the regioregularity of the polymer; that is, the percentage of regioregular head-to-tail attachment of the alkyl side chains to the beta position of the thiophene rings. However, high regioregularity is not enough. The work by the Cambridge group showed that two orientations could be found in P3AT films, one with the polymer chains flat on the surface, and the other one with the chains edge on. Highest mobility, up to 0.1 cm 2 /Vs, was found with the second arrangement, schematized in Fig. 13 .
Polymer films in the work described above were spincoated. More recently, it has been shown that the mobility can be raised to 0.2 cm 2 /Vs when the polymer film is applied by dip-coating to a thickness of only 2-4 nm. 88 The dip-coating technique was also used by the Cambridge group. 87 The thickness of a film prepared by one dip/dry cycle was estimated from atomic force microscopy (AFM) profiling and grazing x-ray diffraction to around 2 nm, which was regarded as evidence that the film was constituted by a single lamella. However, the mobility of the ultra thin film was only 10 −4 cm 2 /Vss.
B. Small molecules
We focus here on p-type compounds; n-type materials will be dealt with in a subsequent subsection. At present, practically all devices made of small molecules use pentacene or oligothiophenes and their derivatives. Highest mobility now reaches 6 cm 2 /Vs for pentacene 89 and 1 cm 2 /Vs for sexithiophene. 90 Major improvements came from the modification of the insulator-semiconductor interface. Most OTFTs utilize an insulator made of an oxide (mainly silicon oxide), on which the small molecule is vapor deposited under vacuum. Because of the very different physical nature of the two media, their association may result in highly disordered interfaces, leading to poor performance. A better organization can be obtained by heating the substrate 21, 91, 92 and depositing the organic film at low rate. 24, 91 A better alternative consists of modifying the surface of the oxide with an organic monomolecular layer prior to vapor deposition. Such modification can be obtained with the technique of self-assembled monolayers (SAM). Thus, octadecyltrichlorosilane (OTS) 93 and hexamethyldisilazane (HMDS) 94 gave good results with SiO 2 . Even better performance, with mobility up to 6 cm 2 /Vs, was achieved by using ultrathin film of polymers such as polystyrene. 89 The solubility of organic semiconductors is vital for their use in low-cost electronic devices since the desired processing techniques include solution-based methods like spin coating, dip coating, or printing techniques. However, practically all the small molecules used in OTFTs are insoluble, and need to undergo vapor deposition to form thin films. Solution processing has been reported with oligothiophenes end-substituted with alkyl groups, [95] [96] [97] but these compounds require high temperatures of both the solvent and the substrate. An alternative strategy consists of using a soluble precursor that would convert into the desired molecule through a thermal postprocessing step. This strategy has been used with polymers such as polyacetylene 98 and poly-p-phenylene- vinylene, 99 and more recently, to pentacene. [100] [101] [102] Mobility ranging from 0.3 to 0.9 cm2/Vs 102 has been measured on OTFTs using the soluble precursor technique.
An other alternative to vapor deposition proceeded in high vacuum is organic vapor phase deposition (OVPD), which consists of evaporating the molecular material into a stream of hot inert carrier gas that transports the vapors from the source toward a cooled substrate where condensation of the organics occurs. 103 OVPD offers good control over film morphology and gives the opportunity to determine how structural order relates to device performance. 104 Mobility up to 1.6 cm 2 /Versus has been reported on pentacene OTFTs grown on OTS modified SiO 2 .
C. Single crystals
Reports on OTFTs made of single crystals are rather scarce. The difficulties to fabricate a single crystalline OTFT are numerous. Single crystals of the materials suitable for OTFTs are small, fragile, and difficult to handle. The major problem resides in the insulator-semiconductor interface. Standard OTFTs are made by depositing the semiconductor film on top of a very flat insulator, either from the vapor phase or by casting from a solution. Unfortunately, single crystals cannot be grown by these techniques. The first reported single crystalline OTFT was obtained by choosing smooth sexithiophene crystals and carefully depositing them on the insulator surface. 105 This technique presents several drawbacks, the most prominent one being poor insulator-semiconductor contact, mainly because the surface of the crystal is never perfectly smooth. For this reason, the mobility of the device (0.15 cm 2 /V at best 106 ) remained lower than the highest mobility reported for evaporated sexithiophene. Sources of possible underestimation of the mobility are erroneous evaluations of the geometrical parameters (i.e., length and width of the conducting channel).
A very similar technique has been used recently with tetracene 107 and pentacene 45 single crystals. In the case of pentacene, the mobility was estimated with a fourterminal arrangement, which allows correction for contact resistance. Mobility ranging between 0.1 and 0.5 cm 2 /Vs was measured, which is somewhat smaller than for the best pentacene thin-film devices. Interestingly, the mobility was found temperature independent down to 150 K. At lower temperatures, mobility becomes thermally activated with an activation energy comparable to or less than room temperature. With tetracene, 107 no correction was made for contact resistance and the mobility ranged between 0.05 and 0.4 cm 2 /Vs. Temperature-dependent measurements were carried out in the range 220-330 K. The mobility initially increases with lowering the temperature, and then decreases. This temperature dependence is qualitatively similar to that found in high-purity organic crystals.
A slightly different technique was used with a thienylene-phenylene co-oligomer that consisted of a bithiophene core with two biphenylene side groups. 108 The crystals were epitaxially grown as needles on top of a KCl single crystal. The needles are then wet transferred onto a SiO 2 /Si substrate. Mobility ranges between 0.3 and 0.7 cm 2 /Vs, which is more than one hundred times higher than what was measured on vacuum deposited films of the same material.
More recently, single crystal OTFTs have been made by depositing the insulator layer on top of the crystal. 44, 109 The polymer parylene was chosen as the insulator. Parylene is deposited in a reactor that consists of a quartz tube with one close end and three temperature zones. The starting material is the dimer para-xylylene. It is first vaporized in the first zone at around 100°C, then cleaved in the second zone at 700°C, and finally deposited on the sample at room temperature. Films of uniform thickness around 0.2 m can be realized even on rough surfaces. Mobility up to 8 cm 2 /Vs have been claimed with rubrene single crystals. 68 With tetracene and pentacene, reported mobility is 0.15 and 0.3 cm 2 /Vs, respectively, 109 which is less that the values achieved with polycrystalline films.
D. n-Type semiconductors
As stated in the beginning of this review, n-and p-type organic semiconduction does not cover the same concept as in conventional semiconductors. For the latter, the type is obtained by doping the solid with minute amounts of a donor or acceptor species. In organic semiconductor, the notion actually covers two different concepts. First, an organic semiconductor is said to be n-or p-type when it preferentially transports electrons or holes; that is, the mobility of one of the electric charge carriers is substantially higher than that of the other one. In the field of organic light-emitting diodes, these semiconductors are frequently termed electron transport or hole transport materials. The second concept refers to charge injection. Accordingly, an n-type (p-type) semiconductor is an organic solid in which electrons (holes) are easily injected. If one reminds the energy scheme depicted in Fig. 3 , an n-type semiconductor is characterized by high electron affinity, while the p-type semiconductor presents low ionization potential. This second concept is the more largely accepted one nowadays. In all cases, we note that unlike conventional semiconductors, in which n-or p-type is dictated by the nature of the dopant, the type of an organic semiconductor depends on the work function of the electrode. As the work function of metals only covers a limited energy range, many organic compounds will only present one type of semi-conduction.
According to the above discussion, n-type semiconductors are those with high electron affinity. To date, the n-type compounds that offer highest mobility are the fullerene C 60 110-112 and N,NЈ-dialkyl-3,4,9,10-perylene tetracarboxylic diimide derivatives. 113, 114 Mobility of up to 0.5 cm 2 /Vs has been claimed for these compounds. A major problem with these materials is their high air sensitivity; that is, they easily react with oxygen or water. However, several air stable n-type organic semiconductors have also been identified. All of them are fluorinated compounds. A representative list, with the corresponding mobility, is given in Table II. Ambipolar semiconductors can be defined as materials that change type depending on the nature of the contact used to inject charges. Ideally, these semiconductors would present high electron affinity and low ionization potential. It has been claimed that such compounds would offer the possibility of fabricating devices based on the complementary architecture, where n-and p-operation is realized on the same layer. Complementary technology presents many advantages: high robustness, low power consumption, and low noise. An elegant way of realizing an ambipolar organic semiconductor has been recently uncovered by a group at Eindhoven. 118 It consists of using an interpenetrated network of two compounds, one p-type and one n-type. The n-type compound, a derivative of C 60 [6,6- penyl C 61 -butyric acid methyl ester (PCBM)], was associated with either regio-regular poly(3-hexylthiophene) (P3HT) or a derivative of polyp-phenylene-vinylene (PPV). Both PCBM and PPV were obtained by a precursor route. In some devices, pentacene was used as both the n-and p-type material. However, it must be stressed that this concept is still highly controversial. Some have pointed out that complementary architecture requires that one transistor be off while the other is on at a given gate voltage polarity. Accordingly, an ambipolar material that will conduct holes for negative gate voltages and electrons for positive gate voltages will turn off for a very limited voltage range, which appears detrimental for any practical application.
E. Nanoscale organic transistors
Most of the applications in view for organic transistors focus on the ability of the device to be fabricated at low cost. As stated above, organic transistors are typically fabricated with a channel length L well matched to lowcost techniques, e.g., printing techniques. The current dimension is of the order of tens of microns. It was tempting, however, to use much smaller length. This was motivated by the desire to improve the performance of the device in terms of current and speed. Reducing the size may also open a way toward molecular size electronics, where devices would shrink to single molecules.
The first report on a nanoscale organic transistor dates back to 1987 when Turner-Jones and coworkers used shadowed deposition of gold on a tilted substrate to fabricate an electrochemical organic transistor with a 50 nm channel length. 119 Conductivity modulation of the structure was realized through electrochemical doping and undoping of a polyaniline film.
More recently, Collet and coworkers used electronbeam lithography associated with lift-off technique to define a channel length of only 30 nm. 120 The channel was fabricated directly on top of the semiconductor layer (sexithiophene). Interestingly, the gate insulator was made of a 2 nm-thick self-assembled monolayer. The output characteristic clearly showed gate voltage modulation, but did not follow the usual shape. In particular, no saturation was observed at high drain voltages. Rather, the curves followed a superlinear behavior. This was interpreted as due to tunneling between source and drain, the current being controlled by the gate bias modulated barrier height at the source electrode. In view of recent works dealing with contact resistance in OTFTs (see above), this explanation can be reformulated by saying that as the channel length is reduced, limitations by source and drain contacts become predominant over charge transport in the channel. Superlinear characteristics were also observed by a group at Princeton University (Princeton, NJ) for transistors with 70 nm channel length. 121 This was believed to be caused by space charge limiting current, a phenomenon at the origin of the punch-through effect observed in short-channel MOSFETs.
A 30 nm channel length pentacene transistor with an output characteristic showing the usual behavior has recently been fabricated by a group at Cornell University (Ithaca, NY). 22 The device was fabricated by means of electron-beam lithography on a silicon wafer. The insulator was a 30 nm-thick layer of dry oxide. Prior to oxide growth, windows were opened in a 1 m-thick wet oxide. This procedure allowed for good gate coupling under the transistor channel, while the rest of the wafer is covered with a thicker oxide, thus preventing for shorts. The source and drain electrodes were made of platinum, patterned using three separate e-beam lithography steps. To isolate the devices from each other, the wafer was coated with a 1.5 m-thick layer of photoresist through which windows were opened centered on the channels and contact pads of the individual transistors. The field-effect mobility was calculated from the linear regime and found to be around 0.02 cm 2 /Vs. This low value was attributed to the bottom contact structure; when pentacene is deposited on SiO 2 with metal electrodes, it tends to form small grains with a detrimental effect on charge transport. We note that the work does not mention contact resistance limitations, which are likely to be important on a device of this size.
VI. CONCLUDING REMARKS
Organic thin-film transistors have now reached a point where applications can be seriously envisioned. Recent advances in the fabrication of single crystalline devices have shown that ultimate mobility is still higher than previously expected. This leaves room for future progress in devices made of vapor deposited small molecules. Progress has also been made in the understanding what controls device performance. The prominent role of the insulator-semiconductor interface has been confirmed, and ways to improve its quality have been outlined. The use of self-assembled monolayers has generalized, although the characterization of these monolayers is still in its infancy. Substantial improvements have also taken place in solution-processed semiconductors. These include soluble polymers and small molecules. However, in the case of the latter, precursor routes seem to offer more promises. Development of insulator materials is another key point. Soluble polymeric insulators appear to be much more suited to printing techniques, which present potential cost advantages over traditional lithographic techniques. Device stability and lifetime is another important aspect that has not been evoked in this review. The required lifetime of organic device will crucially depend on the application in view. It must be high in active-matrix displays, but may fall to much lower values in the case of low-cost, throwaway plastic electronic components. The last point concerns downsizing of the devices. Recent reports have opened the way towards organic devices at the nanoscale. This would bridge the gap between organic electronic and molecular electronic, and offer new perspectives in both disciplines.
